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Collective excitations in liquid para-H2: A neutron polarization-analysis study
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Neutron time-of-flight spectroscopy combined with polarization analysis has enabled the experimental sepa-
ration of the coherent and spin incoherent contributions to inelastic scattering from liquid para-hydrogen. The
results from this experiment are analyzed in terms of self and distinct molecular contributions and extend the
range of the observed distinct response beyond the wave numbers corresponding to the first peak in the static
structure factor of the liquid. The collective response is adequately described in terms of two damped harmonic
oscillators. While the observed wave number dependences resemble acoustic longitudinal and optical branches
in long-range-ordered systems, the possibility of a multiexcitation origin for the higher-energy branch cannot
be ruled out on the basis of the present experimental evidence.@S0163-1829~99!13101-1#
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I. INTRODUCTION

Despite the facts that inelastic neutron scattering has l
been established as a powerful set of techniques to p
condensed matter, and that the conceptual framework
vided by van Hove correlation functions1 constitutes a
unique theoretical tool for the study of disordered syste
the knowledge gained by this standard approach to the
lective dynamics of the lightest molecular liquid has be
rather limited. From the experimental point of view, the d
ficulties stem from the coexistence at low temperatures of
two varieties of H2 molecules: para-H2 ~even rotational
quantum numbersJ, antisymmetric molecular nuclear sp
states I 50) and ortho-H2 ~odd J, symmetric molecular
nuclear spin state,I 51). In the liquid phase, once the equ
librium state is reached the amount of ortho-H2 will range
from less than 1023% atT513 K to 4% atT5 32 K. In the
absence of catalyzers and at liquid temperatures, this e
librium is reached with a characteristic 1/e time of the order
of 190 h and any observation extending over that period
time, such as neutron inelastic scattering experiments, w
actually correspond to a system with changing composit
Moreover, given the difference in the molecular nuclear s
states and given the disparity in the neutron-scatte
lengths for the singlet and triplet neutron-proton compou
states, the scattering cross sections for neutrons with inci
energies above 14 meV by mixtures containing even
ortho-H2 have an overwhelming spin-incoherent compone
Since the degree of anisotropy of the intermolecular poten
depends strongly on the quantum numberJ to the point of
altering significantly the depolarized light scattering belo
E510 meV,2 such observations are not acceptable to dr
conclusions on the physics of the system and neu
inelastic-scattering measurements on this liquid close to
quantum limit and holding anisotropic interactions are s
out of the present limits of the neutron technique. The use
PRB 590163-1829/99/59~2!/958~7!/$15.00
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catalyzers to accelerate the attainment of the equilibri
composition corresponding to the chosen temperature in
liquid range yields ortho-para mixtures where any signific
intermolecular interactions are isotropic but which are s
sufficiently rich in the first kind of molecules to give rise t
a significant degree of incoherent scattering. As a direct c
sequence, in conventional neutron inelastic-scattering s
ies, i.e., without polarization analysis, the collective dyna
ics are observed not only through their contribution to t
coherent dynamical structure factorScoh(Q,E), but also pro-
jected on the individual contributions of the molecules co
stituting the incoherent structure factorSincoh(Q,E). The re-
sult is complex spectra and a correspondingly h
uncertainty in the conclusions drawn from the analysis.

In a liquid mixture enriched in para-H2, using line-shape
analysis and proposing a model forScoh(Q,E), we have re-
cently reported the dispersive behavior of collective exc
tions of longitudinal acoustic character and the existence
second contribution to the scattering at higher excitation
ergies whose nature could not be determin
unambiguously.3 These latter results are obtained by thre
axis spectrometry with unpolarized neutron beams and
low earlier efforts to characterize the dispersive behavior
the range of existence of collective excitations in this liqui4

Even though the liquid hydrogens are relatively close to
quantum limit in their translational degrees of freedom,
suming that the individual molecules behave as distingu
able particles that obey Boltzmann statistics in the liqu
phase allows the partition of the coherent and incoher
dynamical scattering functions intoself, Ss(Q,E), and dis-
tinct, Sd(Q,E), molecule components. The uncertain
placed on our previous results by the lack of direct expe
mental access toSd(Q,E) can be alleviated by the use o
neutron classical polarization analysis, as was ea
recognized.5 The ability of this technique to discriminate be
tween coherent and spin-incoherent scattering6 can be ap-
958 ©1999 The American Physical Society
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PRB 59 959COLLECTIVE EXCITATIONS IN LIQUID para-H2: . . .
plied advantageously to the study of the liquid hydrogen
oms as will be discussed below. The recourse to polariza
analysis, however, is not free from a number of trade-o
apart from the obvious one of the loss of beam intens
Presently, there is a very small number of neutron inela
spectrometers combining time-of-flight~TOF! techniques
and polarization analysis. The use of supermirror polarize7

in these devices also places a further restriction on the ra
of incident energies for which polarized beams are availa
and the result is a limited coverage of the (Q,E) space. For
our particular application, however, the existing experim
tal window seems adequate both on the basis of the resul
our previous study and from the theoretical standpoint. T
quantum variational prediction for the wave number dep
dence of the elementary excitations~dispersion relation! of
this liquid near the triple point available8 within the corre-
lated density matrix approach predicts the existence o
minimum in the dispersion relation nearQ52 Å21, which
resembles the well-known ‘‘roton’’ minimum in liquid4He.

II. EXPERIMENTAL PART

A. Sample preparation

The H2 sample enriched in para-H2 was prepared from
high-purity commercially available~Alphagaz N99! H2 gas.
The gas was condensed over IONEX O-P catalyst~available
from The IONEX Research Corporation, Broomfield, Co
rado! kept at a temperature of 15 K in the bottom of
aluminum sample container placed inside a cryostat. The
ric oxide catalyst accelerates the conversion process of
initially normal mixture of H2 to a composition close to th
equilibrium concentration at the experimental temperat
~99.98% para-H2). The measurements were performed a
temperature of 16 K under saturated vapor pressure f
which a corresponding sample density of 0.037 mol/cm3 was
inferred from equation of state data.11 An independent ex-
perimental check of the quoted ortho-H2 concentration can
be obtained by comparison of the energy-integrated spin
intensities at low scattering angles from the sample and
known amount of Al in the empty container. As in our pr
vious study and in order to reduce neutron multiple scat
ing, the cylindrical cell~1.5 cm diameter, 5 cm height! was
divided into five shorter cylinders of approximately 1 c
height by means of the insertion of Cd spacers lying para
to the instrument scattering plane. The ortho-para conver
catalyst was masked by means of a Cd strip attached to
bottom of the cell. Particular attention was paid to the a
sence of magnetic materials in the sample environm
which could alter the polarization state of the neutrons
continuously monitoring the flipping ratio of the throughg
ing beam.12 Background measurements correspond to m
surements taken once the sample container was evacu
from its hydrogen content, but with the rest of the sam
experimental setup in place.

B. Instrumental details and polarization analysis methodology

The experiments reported in this paper have been
formed on the D7 spectrometer at the Institute La
Langevin ~Grenoble, France! with an incident neutron en
ergy Ei58.60 meV~equivalent to a neutron wavelength
t-
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l53.08 Å!. The instrument combines time-of-flight neutro
energy analysis with a multidetector and supermirror po
ization analysis and has been described in detail befor13

The fundamentals of the method employed for the separa
of coherent and spin incoherent neutron scattering in
type of instrument have been derived in Ref. 14 in t
broader context of the separation of nuclear and magn
contributions to the scattering. The complete set of meas
ments includes the determination in the same experime
setup of (f denotes the scattering angle!: ~i! the spin-flip
ratio of the polarization analysis setup using a purely coh
ent and diffuse scatterer~quartz glass rod! without time-of-
flight energy analysis,R(f); ~ii ! spin-flip, I SF(f,t), and
non-spin-flip, I NSF(f,t), scattering intensities from the
sample and background~with TOF energy analysis!; ~iii ! the
determination of the scattering intensity from the sample a
background without analyzer stage,I (f,t), ~with TOF en-
ergy analysis!; and~iv! calibration measurements~vanadium
normalization runs!. As described in Ref. 13, and after bac
ground subtraction and vanadium normalization, the c
rected sample spin-flip,I SF

corr(f,t), and non-spin-flip,
I NSF

corr(f,t), scattering intensities are calculated from

I SF
corr~f,t !5I SF~f,t !2

1

R~f!21
@ I NSF~f,t !2I SF~f,t !#,

~1!

I NSF
corr~f,t !5I NSF~f,t !1

1

R~f!21
@ I NSF~f,t !2I SF~f,t !#.

~2!

These corrected scattering intensities comprise, howeve
neutron wavelength transmission efficiency factor from
analyzer stage,A(f,t), which cannot be determined by th
quartz glass spin-flip ratio determinations and which has
be estimated if the actual spin-flip and non-spin-flip con
butions from the sample are to be obtained:

I SF
corr~f,t !5A~f,t !I SF

sample~f,t !, ~3!

I NSF
corr~f,t !5A~f,t !I NSF

sample~f,t !. ~4!

To circumvent this problem, it is helpful to consider that t
sample scattering intensity without polarization analys
I (f,t), actually contains the sum of the spin-flip and no
spin-flip scattered intensities without the effect of t
wavelength-dependent transmission coefficient,

I ~f,t !5I SF
sample~f,t !1I NSF

sample~f,t !, ~5!

so that if the wavelength-dependentA(f,t) factors are can-
celed by defining the experimental ratios

RSF~f,t !5
I SF

corr~f,t !

I SF
corr~f,t !1I NSF

corr~f,t !
, ~6!

RNSF~f,t !5
I NSF

corr~f,t !

I SF
corr~f,t !1I NSF

corr~f,t !
, ~7!

then the sought experimental magnitudes can be obta
from
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I SF
sample~f,t !5RSF~f,t !I ~f,t !, ~8!

I NSF
sample~f,t !5RNSF~f,t !I ~f,t !. ~9!

The experimental magnitudesI SF
sample(f,t) and I NSF

sample(f,t)
can be transformed to a (f,E) grid and then corrected fo
multiple-scattering and sample absorption effects usin
modified version of theDISCUS Monte Carlo simulation
program.15 A subsequent transformation to a (Q,E) grid is
performed so that data analysis can proceed with magnitu
directly proportional to the dynamic scattering function
which we shall denote bySSF(Q,E) and SNSF(Q,E). The
relation of the latter with the dynamic scattering functio
introduced in the preceding section will be discussed in S
III of this paper.

III. DATA ANALYSIS

A. Theoretical background

The primary quantities determined in our experiment
SSF(Q,E) and SNSF(Q,E) which correspond essentially t
the double-differential scattering cross sections with a
without spin flip, respectively, as a function of momentu
and energy transfer. For a system composed of H2 molecules
and neglecting the very weak magnetic scattering effects
tween the neutron and the nuclear dipole moments, spin
of neutrons with a wavelength 4 times larger than the in
atomic distance (d50.74 Å! can only arise through interac
tions with the molecular nuclear spin operator. The formu
derived by Sarma5 and Young and Koppel16 are specially
useful in this context since they make explicit allowance
the various intramolecular degrees of freedom, which tra
late themselves into an effective dependence of the neut
scattering cross sections with intramolecular quantum n
bers and momentum transfer. These formulas are der
under the assumption that the molecular nuclear spin op
tors of different molecules are not correlated in the liqu
phase~i.e., the molecules are not ‘‘aligned’’!. With Ei58.60
meV, the neutrons cannot promote theJ50 to J51 rota-
tional transition~para-ortho conversion! which requiresE01
514.7 meV so that, in practice under our experimental c
ditions and subject to the approximations mentioned abo
we can expect only neutron-scattering events in which
rotational quantum numbers of the individual molecules
not changed. For the residual population ofJ51 ortho-H2
molecules these transitions give rise to both nuclear spin
and non-spin-flip events and there is both coherent and in
herent scattering, while for the majority of theJ50 para-H2
molecules in the sample, the scattering events will resul
only coherent scattering:

SNSF~Q,E!

5cortho
1
3 s incoh@ j 0

2~Qd/2!12 j 2
2~Qd/2!#Sincoh~Q,E!

1corthoscoh@ j 0
2~Qd/2!12 j 2

2~Qd/2!#Scoh~Q,E!

1cparascohj 0
2~Qd/2!Scoh~Q,E!, ~10!
a
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SSF~Q,E!5cortho
2
3 s incoh@ j 0

2~Qd/2!12 j 2
2~Qd/2!#

3Sincoh~Q,E!. ~11!

In the above formulas,cortho and cpara denote the frac-
tional concentrations of both types of molecules in t
sample,scoh52.05 b,s incoh578.7 b, and thej l(x) are the
spherical Bessel functions of orderl . For the range ofQ
values covered in our experiment, the contributions aris
from the second-order spherical Bessel function can be
glected. Figures 1 and 2 show, respectively, contour plot
the experimental magnitudes32 SSF(Q,E) and SNSF(Q,E)
2 1

2 SSF(Q,E), which, neglecting the diatomic form factor
and fractional concentrations, are close approximations
Sincoh(Q,E) andScoh(Q,E) and show in a relatively model
free fashion the extent of the experimental separat
achieved by neutron polarization analysis. For our quant
tive analysis, we used Eqs.~10! and ~11! to determine indi-
vidually Sincoh(Q,E) and Scoh(Q,E). Once these magni
tudes have been obtained, two further assumptions, nam
~i! that the molecules can be treated, at least in their tran
tional degrees of freedom, as distinguishable Boltzmann p
ticles and~ii ! that thecortho /cpara ratio is known, allow the
introduction of the self,Ss(Q,E), and distinct,Sd(Q,E),
contributions to the dynamic scattering function:

Sincoh~Q,E!5Ss~Q,E!, ~12!

Scoh~Q,E!5Ss~Q,E!1Sd~Q,E!. ~13!

Through double space-time Fourier transformation, the la
scattering functions can be related to the corresponding
Hove correlation functions:

FIG. 1. Contour plot showing32 SSF(Q,E) for liquid para-H2 at
T516 K under saturated vapor pressure. See text for the pre
relation of this magnitude toSinc(Q,E).
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Ss~Q,E!5
1

2pE E e[ i ~Q•R2Et/\!]Gs~R,t !dtd3R, ~14!

Sd~Q,E!5
1

2pE E e[ i ~Q•R2Et/\!]Gd~R,t !dtd3R. ~15!

Note that as an additional assumption, we are not cont
plating the possible dependence of theself and distinct van
Hove correlation functions on the intramolecular quant
numbers.

B. Comment onSs„Q,E…

The broad instrumental resolution function~triangular line
shape with full width at half height of 3 meV! precludes any
quantitative analysis of theSs(Q,E) surface. The observe
scattering is found to consist of a single spectral compon
centered atE50 throughout all the accessible range of m
mentum transfers and originating in the translational dif
sion of singleJ50 molecules.

C. Model for Sd„Q,E…

In order to interpret the experimentally determin
Sd(Q,E) it is useful to compare it, by means of nonline
least-squares-fitting procedures, to models suited to the
ticular region of energy and momentum transfer which h
been sampled. The models need to be convoluted with
instrumental resolution function. Figures 3 and 4 show pl
of Sd(Q,E) at constant values ofQ. The strong line-shape
asymmetry shown by theQ51.8 and 2.0 Å21 spectra, sug-
gestive of two broad spectral components of different re
tive intensities, leads to two clear maxima forQ52.2 and
2.4 Å21. This observation is consistent with the results

FIG. 2. Contour plot showingSNSF(Q,E)2
1
2 SSF(Q,E) for liq-

uid para-H2 at T516 K under saturated vapor pressure. See text
the precise relation of this magnitude toScoh(Q,E). Same color
coding as in Fig. 1.
-
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our previous study,3 where we found that for the range 0.
<Q<2.0 Å21 the experimental data onS(Q,E) were com-
patible with Sd(Q,E) being represented by a sum of tw
damped harmonic oscillator~DHO! terms,17 each corre-
sponding to the individual collective modes presumed
contribute to the spectra:

Sd~Q,E!5@n~E!11# (
i 51

N52

Zi~Q!

3
4EEi ,QG i ,Q

~E22V i ,Q
2 !214E2G i ,Q

2
. ~16!

Here Ei ,Q stands for the bare energy of oscillatori , G i ,Q
stands for the damping parameter in energy units, the re
malized energy is given byV i ,Q5(Ei ,Q

2 1G i ,Q
2 )1/2, Zi(Q)

represents the oscillator strength, and@n(E)11# is the Bose
occupation factor. In Ref. 3 a model with only one DHO
(N51) was found to be valid belowQ51.6 Å21, but above
this value of momentum transfer, a second DHO improv
significantly the goodness of the fit.

As shown in Figs. 3 and 4, the spectral features obtai
from our polarization analysis can also be adequately
scribed by including two DHO in the model forSd(Q,E).

r

FIG. 3. Constant-Q cuts ofSd(Q,E) for liquid para-H2 at T516
K under saturated vapor pressure. Solid diamonds are fully
rected experimental data. The solid line represents the best fi
these data, consisting of the convolution with the instrumental re
lution of the two damped harmonic oscillator model discussed
the text. Individual damped harmonic oscillator contributions a
indicated by the dashed line (i 51! and dot-dashed line (i 52).
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The best fitting parameters show theQ dependences illus
trated in Fig. 5. The values of the renormalized frequenc
for the first DHO (i 51! show a minimum nearQ52 Å21,
where the corresponding oscillator strength reaches its m
mum value. This leads to the identification of the excitati
as the analog in the liquid of a longitudinal acoustic mode
a periodic medium. An immediate result from data obtain
with polarization analysis is that the need to include a sec
DHO in our partition of Sd(Q,E) rules out our previous
speculation of the extra contribution being due to a sing
particle density-of-states term. Both DHO’s are found to
not overdamped@the overdamped regime being defined
GQ

2 /VQ
2 .1 ~Ref. 17!#.

IV. DISCUSSION

As mentioned in the Introduction, our access to the (Q,E)
space in the experiment reported in this paper has been
ited to a region nearQ5QP52 Å21 where a first maxi-
mum in the liquid static structure factor, arising from firs
neighbor molecular contributions, is expected. For t
reason, we digress first on the direct consequences of
reported experimental data and then examine them in
context of those extracted from neutron spectroscopy with
polarization analysis. Finally, we relate our results to tho
obtained on other hydrogen liquid mixtures.

Our experimental approach has enabled the experime
separation of the coherent and incoherent dynamical sca
ing functions. To the limit of our knowledge this is the fir

FIG. 4. Constant-Q cuts ofSd(Q,E) for liquid para-H2 at T516
K under saturated vapor pressure. Symbols as in Fig. 3.
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time that this separation has been reported for a molec
fluid composed of small molecules. We remark here t
despite the closeness to the quantum regime in the tran
tional degrees of freedom, our analysis has shown that
classical partition into distinct and self scattering contrib
tions seems to be valid within the limits of our experimen
uncertainties. The observed qualitative behavior for
renormalized frequency of the first DHO agrees well with t
observations made in other liquids, both in the classical
quantum regimes, reflecting the lower cost in energy nee
to create relatively short-lived collective excitations wh
their wavelengths approach the accredited distance betw
first-neighboring molecules.18

From a theory-of-liquids perspective, the confirmation
the collective character of the response being mode
through the second DHO would imply the breakdown of t
single-mode approximation for the analysis of the neut
response in this system, provided that it cannot be assig
to a multiexcitation contribution. This point cannot be r
solved on the basis of the present experimental evide
which does not explore the dependence on the thermo
namic conditions of the neutron response. However, e
mates of the double-excitation contributions, correspond
to the first DHO, can be made following Grafet al.19 It is
found that the latter is more prominent for energy trans
values corresponding to multiples and combinations of

FIG. 5. Q-dependence of the best fit model parameters. S
circles refer to the first damped harmonic oscillator and open cir
to the second one. TheZi(Q) intensity parameters are shown in~a!.
Renormalized energies are shown in~b! and damping coefficients
are shown in~c!.
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local maxima and minima in the single-excitation dispers
relation. Given the fact that renormalized energies for
second DHO,V2,Q , do not seem to correspond to any
this favored combinations and since the observed spe
features are of noticeable intensity, we explore an alterna
explanation. Since the values forV2,Q resemble those
expected for a branch of optical character near the origin
the second Brillouin zone in a single crystal, we dra
further the known analogy between the liquid response
that corresponding to a polycrystalline average. We re
that for polycrystals, first-principles calculations fo
monoatomic Lennard-Jones systems by de Wette
Rahman20 early found that an average dispersion cur
was not a good description for wave vectors in excess
the values corresponding to Bragg peaks. This average
persion relation showed a nonzero minimum near the p
tion of the corresponding to the first Bragg peak, resemb
our experimental findings nearQ52 Å21. Similar behavior
is expected in isotropic amorphous materials where mo
calculations for acoustic modes21,22show a finite-energy dis
tinct response with a minimum nearQP due to diffuse
Umklapp scattering, mainly from transverse acoustic exc
tions.

In agreement with previous observations in liquid norm
D2,9,10,23 the wave vector dependence nearQP seems to be
well accounted for by a parabolic dependence of the t
proposed by Landau in the context of roton excitations
4He, with an excitation gap,DH2

51.65 meV>DD2
/A2,

where DD2
52.26 meV is the value recently reported23 for

liquid normal D2 near its triple point. The comparison of th
results for the two liquids can be understood if we assu
the existence of a diffuse Brillouin zone limit nearQP/2,
within the time scales probed by neutrons in our experime
where the dispersive behavior shown in the low-Q limit is
reflected. Normal liquid D2 showing, near its triple point, a
positive dispersion leads to higher excitations energies n
QP than those found in liquid para-H2. To establish this con-
clusion, we need to gauge our degree of confidence in
results obtained previously without polarization analysis.
this extent, Fig. 6 shows a composite picture of the res
obtained from neutron-scattering experiments with a
without3 polarization analysis and the theoretical sing
mode prediction near the triple point based in the correla
density matrix approach, taken from Ref. 8. We find that
overlap between the two sets of experimental data is v
satisfactory, both for the first and second DHO’s, and c
siderably reinforces our knowledge of the collective behav
near QP . Strictly speaking, the absence of polarizati
analysis results forQ<1.6 Å21 places higher uncertaintie
in the conclusion drawn about the fact that the hydrodyna
sound limit at lowQ seems to be approached by the fi
DHO from low energies~negative dispersion!, but it seems
implausible that in this region ofQ the observed branch
should deviate from the previously reported behavior, wh
itself marks a striking difference with the observation
positive dispersion in liquid normal D2.9,10
n
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V. CONCLUSIONS

The combination of time-of-flight neutron spectromet
with polarization analysis on a multidetector instrument h
enabled the experimental separation of the coherent and
coherent contributions to the scattering double-differen
cross sections from liquid para-hydrogen. From these, it
been possible to derive the distinct contribution to the d
namical scattering functionsSd(Q,E) and study its wave
number dependence near the first maximum of the struc
factor of the liquid. Two branches have been identifie
which agree well with those previously derived from lin
shape analysis of experiments with unpolarized neutro
One of the branches seems to represent collective excita
of longitudinal acoustic character. We propose that the s
ond branch corresponds to collective excitations of opti
character, although a multiexcitation origin cannot be ru
out. The existence, within the time scale explored in o
experiment, of a diffuse Brillouin zone with limit aroun
QP/2 seems to help to rationalize the observed distinct
sponse and the comparison of the excitation gap values
QP for liquid para-H2 and liquid normal D2 near their re-
spective triple points.
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FIG. 6. An overall comparison of the existing experimental a
theoretical data for the renormalized energies of the collective
citations in liquid para-H2, plotted as a function of wave numbe
Squares are taken from three-axis neutron spectroscopy withou
larization analysis~Ref. 3!, solid squares refer to a first DHO an
open squares to a second DHO. Circles refer to the present p
data: solid circles refer to a first DHO~longitudinal acoustical char-
acter! and open ones to a second DHO. The solid line represents
correlated density matrix result in the single mode approximat
near the triple point, taken from Ref. 8.
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1L. van Hove, Phys. Rev.95, 249 ~1954!.
2P. A. Fleury and J. P. McTague, Phys. Rev. Lett.31, 914~1973!.
3F. J. Mompea´n, M. Garcı´a-Hernández, and B. Fa˚k, Phys. Rev. B

56, 11 604~1997!.
4W. Schott, Z. Phys.231, 243 ~1970!; K. Carneiro, M. Nielsen,

and J. P. McTague, Phys. Rev. Lett.30, 481~1973!; K. Carneiro
~unpublished!; Phys. Rev. A14, 517 ~1976!.

5G. Sarma,Inelastic Scattering of Neutrons in Solids and Liqui
~I.A.E.A., Vienna, 1961!, p. 397.

6O. Scha¨rpf, Physica B182, 376 ~1992!.
7O. Scha¨rpf, Physica B156–157, 639 ~1989!.
8M. L. Ristig, G. Senger, and K. E. Ku¨rten, inRecent Progress in

Many-Body Theories, edited by A. J. Kallioet al. ~Plenum, New
York, 1988!, Vol. 1, p. 197.

9F. J. Bermejo, F. J. Mompean, M. Garcia-Hernandez, J. L. M
tinez, D. Martin-Marero, A. Chahid, G. Senger, and M. L. R
tig, Phys. Rev. B47, 15 097~1993!.

10F. J. Mompean, F. J. Bermejo, M. Garcia-Hernandez, B. Fa˚k, J.
L. Martinez, G. Senger, and M. L. Ristig, J. Phys.: Conde
Matter 5, 5743~1993!.

11H. M. Roder, G. E. Childs, R. D. McCarty, and P. E. Angerho
~unpublished!.
r-

.

12O. Scha¨rpf and I. Anderson, J. Neutron Res.4, 227 ~1996!.
13O. Scha¨rpf, Neutron Scattering in the ’Nineties~I.A.E.A., Jülich,
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